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PRODUCI BI LITY AS A DESIGN FACTOR | N NAVAL SHI PS

by
LCDR M CHAEL L. BOSWORTH, USN

CAPT CLARK GRAHAM USN

ABSTRACT

There are many producibility concepts which affect the

characteristics of a naval shi p. These concepts nust be
addressed during the early phases of the ship design process
while the ship is still flexible. Since these producibility

concepts may affect ship performance and technical risk, as wel |
as ship characteristics and cost, a rigorous tradeoff analysis is
required.

Thi s paper provides exanples of producibility concepts which
should be addressed during the ship design process. An
eval uation procedure is presented to assist in the gathering and
the organizing of information required for an objective tradeoff

anal ysi s. The ship synthesis nodel "ASSET" is utilized as the
princi pal design tool to determine ship inpact and the cost of
producibility concepts. One of the prinmary recomendations of

the authors is that the Navy needs to increase the visibility of

producibility as a design factor in naval ships by devel oping

rigorous evaluation tools, cataloguing producibility concepts for
considerations in future designs, and establish an advocate for
ship producibility within the design organization
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| NTRODUCTI ON

Mbst of the material witten on the subject of ship
produci bility focuses on enhancing efficiency and producibility
during the ship building process after the basic ship design has
been conpl et ed. Ship producibility is in fact not a serious
consideration during the early design phases of a naval shinp.
Questions arise such as: Wiy is producibility not a serious
factor in the early stages of the design of naval shi ps? Can
ship producibility be enhanced by designing it into a naval ship
from the outset? If the answer is "yes" (which the Authors have
concluded is true), how can producibility considerations best be
incorporated into the naval ship design process?7 These are t h
fundanental issues to be addressed in this paper.

The Authors have approached this subject on a broad
conceptual 'level. The basic research was conducted at MI1.T. by
Ledr Bosworth as a graduate thesis with Captain G aham serving as
hi s Advi sor. The intention was to develop source material on the
subject of ship producibility for incorporation into the MI T
graduate curriculum The objective of this effort was to provide
a framework for future studies in this area.

Thi's Paper will summarize the nore thorough r eport

(Reference 1) and will cover the follow ng topics:

-Uni que Features of a Naval Ship

Producibility as a Design Factor

Produci bility Conceptual Framework

- Wartime Producibility

Peacetine Producibility Categories
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- Concl usi ons and Recommendati ons

UNILQUE FEATURES OF A NAVAL SHI P

Naval conbatant ships (submarines, aircraft carriers,
frigates, destroyers, cruisers) are anong the nost conplex
products man designs and produces. There is no other systemthat
must perform so many diverse and highly sophisticated functions
si mul t aneousl y. The diversification of functions in naval
conbatants is caused by the requirenent to be effective in all
four welfare areas (subsurface, air, surface, and strike); be
nmobi | e; operate efficiently in an extremely hostile natural
environment; survive weapon effects; and sustains itself for |ong
periods of time and over great distances away from a logistic
base. To a designer this neans that there are nunerous mgjor
design elenents to address throughout the design process.

It has been estimated that a naval conbatant ship consists
of approximately 100 maj or conponents and subsystens. Sonme of
the nmmjor conponents include: radar, sonar, weapon |auncher,
conput er conpl ex, communications conplex, propulsion prime nover,
el ectrical generator, machi nery control system and hul |
structure. Each of these in isolation represents a very
sophi sticated system often incorporating advanced technol ogy.
Mbst of these conponents have been developed prior to the
integration process of ship design. However, in sone of the nore
anbi tious ship design prograns, a nunber of key conponents are
devel oped concurrently with the devel opnment of the ship design

The size as well as the shape of naval ships must be
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constrained for practical reasons of nmobility and affordability.
For this reason the physical integration of conbatant shi ps
represents a mmjor challenge to package the wdely diverse
functions into a conpact system design. The tenporal integration
of naval ships is even nore inportant. Al functions of a naval
ship are expected to work simultaneously with extremely fast
reaction tines.

The necessity for physical and tenporal integration of such
a large nunber of wdely diverse and conplex functions represents
the ultimte design challenge. Because each of the functions is
so highly interactive with the others, the ship design process is
an iterative vice serial set of tasks. Early iterations define
the broad concept, mddle interations focus on the engineering of

conponent and subsystem interfaces and the later iterations on

t he devel opment of the engineering details required for
producti on. Figure 1 illustrates the iterative nature of ship
design by neans of a design spiral. The spokes of the whee

represents the design elenents which nust be integrated into the
design. The loops of the spiral suggest a nmajor iteration of the
design process leading to a bal anced baseline. Al'l  engi neering
design is an iterative process. Wiat makes the design process of
naval ships unique is the number of diverse functions and the
degree of tightness in integration

There are other inportant differences in naval ships as
opposed to other conplex engineering systens which have relevance
to this discussion of engineering design and efficiency in

producti on. Naval ships have relatively high unit cost (in the
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vicinity of 1 billion dollars) and are rarely produced in nunbers

greater than 30. Thus there is not the opportunity to exploit
the efficiencies of mass production. The Navy can rarely afford
to experinent with a prototype. The first production ship

becomes an operational unit in the fleet and therefore nust be
engi neered and produced correctly the first tine. An addi tional
difference relates to the requirenent to maintain these ships at
the cutting edge of state-of-the-art engineering for the lifetine
of the class (up to 50 years). Thi s demands that naval ships be
flexible and have the capacity for future growh

Al of the above observati ons have rel evance to a di scussion

of ship producibility as a design factor in naval shi ps. Thi s
will be Dbrought out nore thoroughly in later sections of this
paper .

PRODUCI BILITY AS A DESI GN FACTOR

In recent naval ship acquisition progranms, producibility has
not been considered a major elenment in the ship design process
for several reasons:

- There exist a myriad of other elenents that areconsidered
nore critical. There is so nuch diversification in the
functions to be addressed during the ship design process of
a conbat ant ship that the subject of producibility gets
buri ed. In addition, producibility is not critical to the
denonstration that the design has the capability to peet
t he oper at i onal requirements for the ship nor -is

producibility a factor affecting the technical feésibi|ity
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of the design. Thus producibility tends to get | i t t |
attention, especially in the early stages of the desi gn
pr ocess.

There has been a decided lack of visibility and exter nal

pressure to increase the producibility of the basic ship

desi gn. Ther e is no "Advocat e” i nsi sting t hat
producibility considerations be incorporated into t he
desi gn. There is' no threat of cancellation of a s hi p

program if producibility is not an integral part of t h e
engi neering devel opnent. For many other considerations
such as reliability/miintainability, test and evaluation,
and i ntegrated | ogi stics support there are strong
Advocat es. A ship design team can only respond to so many

out si de pressures.

There is a perception that the design community d o e s
address producibility through weight mnimzation or C 0 st
constraints. Unfortunately producibility ideas are not
aggressively pursued for the purpose of reducing production
costs. And many producibility concepts tend to increase

the size and weight of naval ships and therefore are turned

down.

There is a lack of awareness of the relative | everage in
cost reduction and ship inpact resulting from ship
produci bility concepts. Mbst early stage ship designers

are unschooled in nodern ship production procedures. There

is little data on specific producibility concepts to
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incorporate into early stage designs.

- There is a lack of a rigorous nethodology for the
assessment of producibility concepts. The trade-offs anong

ship effectiveness, cost, and risk are not understood.

Now this is not to say that major ship acquisition Pprograns
ignore producibility during the ship design process. In general
the strategy of recent ship acquisition progranms is to get the
potential shipbuilders involved in the design process at the
earliest possible tine. However, since the shipbuilders for both
lead and follow ships are not usually selected until after the
contract design phase is conpleted, there is a sensitive

relati onship anong the candi date shipbuilders and the Navy that

hi nders open conmuni cati ons. Al  the shipbuilders nust be
treated equally to avoid possible <clains for preferentia

treatnent. And, of course, the shipbuilders are all vying for a
favored position.’ There is also msunderstanding between the

Navy's inhouse conceptual ship designers and the shipbuilders
detail designers and planners. Nei ther have a | ot of experience
in the others area of experti se.

Al though some attenpt is being nmade in addressing ship

producibility. in early stage designs, 'the effort is not overly
effective. This paper wll reconmend ways to inprove this
si tuation.

PRODUCI Bl LI TY CONCEPTUAL FRANVEWORK

There are two najor classifications which are useful for
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f ocusi ng attention on the subject of ship produci bility:

"wartinme producibility"” and "peacetinme producibility"”. T h
former is primarily concerned with schedule and production rate

and the latter with acquisition cost considerations. The t w o
classifications will have many producibility concepts in conmon,

but the nmethods for evaluating those concepts wll be quite
different.

There has been volum nous anount of material reported on
both wartinme and peacetine producibility. Under st andably greater
enphasis has been placed recently on peacetine producibility

since that is the <condition the Navy and the shipbuilding

i ndustry have been in for the past four decades. (Hopefully this
will not change.) Except for a brief discussion on wartine
producibility in the next section, this paper wll focus on

peacetinme producibility.

WARTI ME PRODUCI BI LI TY

In wartinme, or in a pre-war nobilization effort, schedule is
of the essence and the task of constructing a large number of
ships in timet o effect the outcone of the conflict t akes
overwhel m ng precedence. Considerable historical data concerning
wartine producibility exists and this type of data dom nated post
Wrld Wwar |1 pr‘oducibility research material (See References 2
and 3).

In the thesis by Bosworth, a brief history of wartine
produci bility has been provided. The Steps the United- States

took to produce the incredibly large nunber of merchant ships,
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escorts, and major conbatant ships in such a brief period of tine
are reviewed. The Authors will assune interested readers Wl
review this reference and pass on to the observations and
recomendati ons concerning wartinme producibility.

The primary lessons from history for wartine producibility

are:

- There nust be a recognized national need and a neasurable
goal . Trenendous resources nust be nobilized and shortcuts
t hrough the bureaucratic norass nust be realized. This requires

a sense of great urgency.

- Series production nust be maxim zed and design changes
mnimzed or phased in gently. The goal is to naxinmize the
nunber of operational' ships in a given period of tine. The shi ps
must be effective but sufficient nunbers take priority especially
for the lower mx ships (nerchants, anphi bi ous, logistic, escort
ships). A good design needs to be finalized and then turned over

to industry for long series production.

- The timng nust be accurate. Ships nmust be ordered nonths

or years before they are delivered in large nunbers. Thi s
permits a build up of materials and preparation of industria
facilities. The changing tide ofwar makes production forecasts
difficult. There cannot be a stop-and-go decision making process

if efficient series production is to take place.

- Design sinplification and flexibility nmust be enphasized.
Alternative materials and equi pnent nust-be allowed to prevent

conpetition for critical quantities needed by other prograns.
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Sinplicity in design permts production at second echel on
facilities |eaving nore capable shipyards free to concentrate on

the nore conplicated, high capability ships.

The United States Navy cannot predict the formof its next

war, but Anerica' s dependence onthe seas certainly suggest the

possibility of a lengthy maritime conflict. Such a conflict
would require a mx of a relatively small nunber of highly
capabl e ships (nuclear subnmarines, nucl ear aircraft carriers and

cruisers, and surface conbatant ships (cruisers and destroyers)
and a large nunber of lower capability ships (cargo ships,
escorts, logistic and anphibious support ships).

The "high mx" ships are absolutely required for our Navy
whi ch enphasi zes power projection and sea control. These shi ps
are by necessity large and highly sophisticated. In peacetine,
it takes over 10 years to design and construct a lead ship of
this type and an additional 10 years to build out the class. T h e
key to the "low mx" ship is nunbers. As was experienced during
the World wars, very large nunbers of these |ess capable ships
are required to keep the sea lines of comrunication open

The general conclusion ofthe Authors is for the United
States Havy to continue the enphasis on designing and producing
high and nmid mix warships during peacetinme. These ships would be
the primary "come as you are" conponents of our Navy forces at
the tinme of conflict. These ships could not be produced f a st
enough to have an inpact. in other than an extended duration war.

In parallel, the Navy should plan 'a -mobilization effort to

produce | arge nunbers of |ess sophisticated |ow m x ships
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The specific reconmendations for a nobilization effort for

| arge nunbers of |ow m x ships include:

- Predesign to the detailed plan level of a nunber of
austere, low mx, wartime designs. These designs would be

mai ntained current ("evolved" as are the sophisticated designs)

and woul d enconpass the follow ng features:

- smaller/sinpler for producti on at alternate
shipbuilding sites (not otherwi se usable for major

naval conbatant construction).

- use of alternate subsystens (not necessarily optinum
from an effectiveness standpoint) such as propul sion
plant or armanent that do not conpete with the |jnpited

suppl i es avai |l abl e for t he exi siting pr e-war

sophi sti cated desi gns.

- sinple to operate for manning by hurriedly trained

reservists.

- future growh capability so that the designs could

i ncor porate changing m ssion requi rements. Thus

designs would be rather roony and have generous margins.

- flexibility of design to accommbdate alternate conbat
systems as -available or as desirable for various

wartine m ssions.

- lesser standards for habi tability, envi ronment a

control, and other items to sinplify and speed
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construction.

- Validate the detailed designs by actual construction of a
[imted nunber of prototypes. This would also provide an
opportunity to train nobilization production personnel and
provi de affordable ships for use in training, reserve duty, a n d

testing prograns.

- ldentify potenti al production bottlenecks to al | ow
devel opment of nobilization production capabilities. For
exanple, if propulsion reduction gears were a primary bottleneck,
incentive3 through legislation could be provided for private
devel opnment of such a capability or machinery to that purpose

coul d be stockpil ed.

- Develop an assessnent nodel for wartinme ship designs.
This design/schedule synthesis nodel would integrate conponent
lead tines, supply, production site capability, and cost-benefit
to pernmit examnation of a wide variety of designs in ear |l y

phases of design.

The two key recommendations relate to the design a n d
production of the austere wartinme ships. The detailed desi gn
plans need to be in hand prior to the crisis and validated by
prot otype construction. The list of austere wartine designs to
be assenbl ed m ght include:

* Escort Frigate (ASW

Escort Frigate (AAW

* Escort Carrier
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e Multi-purpose Cargo (general cargo, roll-on/roll-off,
cont ai ner)

Q| Tanker
Landing Craft
* Mine Warfare Craft
Fast Patrol Boat (mssile)
Di esel Attack Submarine

(The asterisk [*] indicates higher priority)

These designs and the followon prototype construction wll
of course conmpete with the design and construction of the Navy's
mai nstream ships. The Authors feel that about 5% of the total

budget m ght be a reasonably level of investnment for this effort.

PEACETIME PRODUCIBILITY CATEGORIE

In peacetine, the fundanental thrust in ship producibility
is reduction in acquisition cost. One can consider five broad
cat egori es o peaceti nme produci bility: Fl eet Concept,

Prelimnary Ship Layout, Production Details, Shipyard asFactory,
and Programmatic Strategy. Each of these wll be  briefly

descri bed bel ow.
Fleet Concept

Produci bility should--be an issue when considering the nost
cost effective conposition of the fleet. The Authors have
al ready described the concept that the Navy should concentrate on
building the large, conplex warships during peacetime in order to

have them ready at the start of a conflict. Smal | er, | ess
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conpl ex ships can be built in large nunbers in a shorter period
of time during the build-up period prior to a conflict.

O her fleet concepts include Admral Zumwalt's high mx and
low nmix policy of mixing nore sophisticated ships wth less
sophisticated ones in order to attain sufficient nunbers. The
lower mx ships would be severely constrained ships and woul d be
relatively easy to build in large nunbers. Another fleet concept
issue centers on the trade-off between nulti-mssion and single
m ssi on shi ps. The single mssion ships would be snaller, |ess
conpl ex and easier to produce. QG her proposals for comercial
standards on sone naval shi ps, and the idea of having a
changeabl e payload are other exanples of Fleet Concepts. The
concept of commercial standards would permt nore efficient ship
pr oducti on, especially in shipyards primarily experienced in
commerci al  shi pbui | di ng. The idea -of the universal pl atform
which could be outfitted with a wi de variation of conbat suites
is another Fleet Concept. This concept has recently been
t horoughly studied by the Navy.

All of the above fleet concepts effect the performance

characteristics and therefore the mlitary effectiveness of naval

shi ps. These-deci sions nust therefore be nade by the custoner,
the Naval Operator, in conjunction wth those skilled at
estimating the ship inpact and cost inplications of t he
tradeof fs. These decisions nust be nade before the start of a

serious ship acquisition project.
Prelimnary Ship Layout

Once a ship design team has been provided with performance
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requirenment3 and design constraints, it proceeds to develop the

design following the iterative phases of the Navy's ship design

process (feasibility studies, prelimnary design, contract
design and detail ed design). Produci bility options which inpact
gener al arrangenents, subdi vi si on, di mensi ons, shape, or

subsystem selection belong in this Prelimnary Ship Layout

cat egory. These option3 nust be investigated while the ship
design characteristics are still fluid (i.e. before the design is
frozen). Therefore they nust be addressed during feasibility

studies and prelimnary designs.

The dilenma is that during the early design phases, the size
of the design team is limted wile the requirenent for
conducting numerous fundamental coat vs. performance tradeoffs
leading to a selection of subsystens and ship characteristics is
overwhel m ngly demandi ng. Thus the resources available to pursue
producibility tradeoff options are |limted. This is unfortunate
as the leverage for affecting the cost of the design through
incorporation of producibility ideas may be greatest during these
early design phases. Wth recent advances in conputer aided ship
design, a wi der variety of options can be investigated with fewer
manpower assets.

Some exanple3 of producibility concepts which should be
addressed early in the design process when ship characteristics
are still fluid include the wuse of various material3 for
structure, outfit and distributed systens (piping, cable, etc.);
various schenes to sinplify the installation of distributed

Ssyst ens; the variation of margins and design standards; and the
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increase in ship size and roomness to pernit easier installation
of equi pnent and outfit of the ship. Reference 1 provides a nore
conprehensive listing of concepts which could effect the ship
| ayout .

The area of Prelimnary Ship Layout is the nost fertile area
for produci bility research for the naval ship designer. It isan
area where he has substantial control (unlike Fleet Concept). It
also occurs early enough in the design cycle to have inpressive
| everage to effect the ultimte design. For these reasons, t he
Authors concentrated their efforts to develop a producibility

assessnent methodol ogy suitable for the early ship design phases.

Production Details

Once the general configuration and |layout of the ship has
been determ ned (usually fixed during late prelimnary design and
in some cases by early contract design), the design is refined
and additional details devel oped. If a proposed producibility
concept does not inpact general arrangenents, gross di mensi ons
shape, subdi vi si on, or subsystem sel ection, but does i npact
conponent sel ecti on, mat eri al sel ection, i nt er nal conpart nent
arrangenents, the item belongs in the Production Details category
of peacetinme producibility. The tolerance guideline is that the
change that follows from incorporation of the design option nust
be absorbable within the fixed ship configuration and within the
design and construction' margins. The prinmary participating
parties are the NAVSEA design team that typically produces the

contract design, and the ship builder /design agent who refines the
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contract design into the detail design.

Some exanple3 of producibility items that fall within the

Production Details category include structural details, such as
mnimzing penetrations in bulkheads and minimzing |ightening
hol es; standardi zation of structural panels; and sinplifying
pi pi ng runs and fabrication techniques. Certain nmateria
t radeof fs, such as the use of glass-reinforced-plastic (GRP)
outfitting materials to nmininize labor, or the substitution of

H gh Strength Low Alloy (HSLA) Steel for High Yield Strength (HY-
80) Steel also belong in Production Details. HSLA has very
simlar properties to HY-80, but is far easier to fabricate.
Pall etization mght also fall within this category as a neans of

easi ng hookups and causing nore shop vice shipboard nmanhours.

Shipyard As A Factory

If the proposed producibility itemis not directly ship
desi gn dependent, but rather is a function of the physical plant

of the production facility, the item belongs in the Shipyard as a

Factory category of peacetinme producibility. The primary
participating party is the shipbuilder. Sone exanples of the
Shipyard As A Factory category include zone outfitting, in which

the ship is outfitted by region rather than by system nodul ar
construction, where worker access and productivity is inproved by
use of hull nodules which are later joined together; t he
devel oprent of test standards that support zone outfitting

conputer-aided logistic3 and material “control; conput er - ai ded

wor ki ng dr aw ngs; and production flow optim zation. Many of the
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techni ques of the nodern production line fit into this category,

such as conputer-aided manufacturing (CAM; process |anes or
group technol ogy, in which simlar facets of different products
are catal ogued for the purpose of grouping together t he

manufacture of the different parts; and statistical process
control, which is a near real-time neasure of the effectiveness
of the various Shipyard As A Factory techniques.

The Authors group these concepts in this category because
the shipyard nust commit to these concepts independent of a
specific ship program O course once conmtted, the detail
design of a specific ship will be affected, thus these concepts
are closely linked with the Production Details category. In
fact, consideration of these concepts nust be made during the
Prelimnary Shi p Layout phase as ship ti ght ness and

arrangenents could al so be affected.

Programmatic Strategy

If the producibility itemis a business or acquisition
strategy decision, having less to do with hardware and nore to do
wi t h schedul i ng, met hods of supply, and contracts, it belongs in
the Programmatic Strategy category of peacetinme producibility.
It will have little inpact on the ship design and in sone cases
m nor inpact on the production facilities. These progranmatic

considerations can start with the first conceptual study and wll

not end until the last ship is produced. The principal

participating parties are the navy program office and the

shi pbui | ders. Sonme exanples of Programmatic Strategy include
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whet her material or equipnent should be governnent furnished or

shi pbui | der  provi ded, whet her conponents should be single or

mul ti - sour ced; and the type of contract (fixed price, cost,
i ncentive). The learning curve for ship production is an
i nportant factor. Ther ef ore, the decision as to how large a
particul ar ship <class should be is vital . Mobi i zati on

considerations as to the location of production facilities, t he
availability of |abor, and the workload distribution are
addi ti onal examples of the Programmatic Strategy category of

peacetinme producibility.

Relationship Among Categories

Al five of the above categories of peacetine producibility
are closely rel ated. The reasons why the Authors differentiated
these categories is to focus attention on when and by whom
commi tnent  deci sions nust be made. Figure 2 superinposes the
phases of the ship design and construction process and the
categories of ship producibility.

The fleet concept issues should be addressed prior to the
start of a serious acquisition program Produci bility concepts
which could effect ship layout nust be decided upon before ship
characteristics are frozen. Production details which can be
absorbed into the fundanental design need not be addressed until
contract and detail design. Programmatic issues and concept3
which inpact the production facilities are closely related and

must be part of an overall strategy.
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PRODUCIBILITY ASSESSMENT METHODOLOGY

As previ ously expl ai ned, one of t he reason3 why
producibility is not nore of a consideration during the early
phases of the naval ship design process is due to the lack of a
ri gorous assessnent methodol ogy. The nenbers of the design team
are not famliar wth the producibility issues nor wth the
trade-of fs. One of the primary objectives of Bosworth's t hesi
was to develop such a nethodol ogy. This paper wll sunmarize
this assessnment nmethodology and provide a case study to
illustrate its use.

The Authors' assessnent nmethodol ogy consists of six steps as

foll owns:

Step 1. - Characterize Concept. Certain information and data
nmust be gathered and summarized in order to assess a specific
produci bility concept. Table 1 contains a convenient form for
this task. The breadth and |level of detail of this data nust be

consistent with the input required for the next four steps.

Step 2 - Ship Inpact. A ship inpact analysis is perforned

to determine the affect of the producibility concept on the

ship's gross characteristics. This is generally performed using
a ship synthesis nmpdel and for mnor inpact3 marginal cost
factors. Bosworth [Reference |] discusses the advantages anl

di sadvant ages of five ship synthesis nodels currently being used
to conduct ship inpact analysis. A general treatnment of the use
of ship synthesis nodels can be found in Reference 4.  ASSET

Advanced Surface Ship Evaluation Tool, is capable of handling
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nost of the known probability concepts and was determ ned by the
Authors to be the nost suitable for ship inpact analysis. For
producibility concepts wth mnor inpact on weight, i nternal
vol une, and manni ng, mar gi nal factors can be used to determ ne
the overall ship inpact. This concept is discussed in References
5 and 6.

Table 2 provides a convenient form for summarizing the

results of the ship inpact analysis.

Step 3- Cost Inpact. Since cost reduction is the primry
notivation for considering producibility innovations dur i
peacetine, a thorough cost analysis is required. Al t hough al
conmponents of life cycle cost should be investigated, acquisition
cost is the nost visible cost category in this case. Most  ship
acqui sition cost nodels consist of estimating the cost of each of
the functional areas of the ship (categorized consistent with the
Ship Wrk Breakdown Structure [SUBS]) using cost estimating
relationships (CERs) for nmaterial and labor as a function of
wei ght . These CERs are based on return costs of recent nava
shi ps. Unfortunately these nodels are not sensitive to sone the
proposed producibility concepts since they are inconsistent wth
t he shi pbuil ding approaches of conpleted ship acqui sition
prograns. Some recommendations for inproving cost estimating for
Naval ships are provided in References 7 and 8. In these cases
it wll be necessary to include as part of the characterization
of the concept, an analysis to determne the change to accepted
cost estimating relationships. Tabl e. 3 provides a spreadsheet

type of form to determne the cost inpact of producibility
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concepts.

step 4 - Effectiveness Analysis. The incorporation of a
producibility concept into a baseline ship design could alter a
performance characteristic such as spread, range, survivability,
conbat system effectiveness, and operability. However, the usual
approach in conducting these types of assessnents is to normalize
performance features between the baseline and variant designs
whil e conducting the ship inpact analysis (Step 2). This is the
cleanest way in as much as there will be no <change in ship

effectiveness and the net inpact of the producibility concept

will be on ship size and cost. Were it is inconvenient to
normal i ze perfornance features, the differences should be noted.
The Authors have not found any conveni ent ef fecti veness
assessnent nodels to utilize in these cases. This is a further

notivation for normalizing performance.

Step. 5 - Risk Assessment. Any new concept incorporated into
a ship design represents an increase in technical, schedul e and
cost risk. The degree of risk is for the npst part eval uat ed

qualitatively and categorized as | ow, medium or high. A recent
thesis by Walsh [Reference 9] provides a nore rigorous approach
to evaluating risk in naval ship designs and could be applied to

the risk caused by new producibility concepts.

Step 6 - Net Assessnent. An overall evaluation of the
nerits and shortcomings of a producibility concept will consist
of all the considerations discussed in Steps 1 Though 5. The

Aut hors have found no conprehensive nethodol ogy for conbining 211



of the diverse considerations towards a single bottom line type
of figure of nmerit. Table 4 provides a convenient form for
sunmmari zing the various considerations in a graphic format.

Since further details are provided concerning the assessnent
net hodol ogy in Bosworth's thesis, the Authors will nove on to a
brief discussion of a Case Study in order to further illustrate

t he procedure.

PRODUCIBILITY CASE STUDY

One exanple is provided to illustrate the viability of t h
produci bility assessnment nmethodol ogy. The producibility concept
chosen involves the issue of adding volune to a ship in order to
increase the efficiency of installing equi pnent versus tightening
up a ship to decrease ship size and thus nmaterials. This has been
a hotly debated issue in recent naval ship designs such as the
just conpleted destroyer design, Arleigh Burke (DDG 51).

The specific volume reducing concept investigated was the
deck height reduction approach involving reversing deck framng
and reducing the clear deck height criteria. In this study, the
baseline design contained the reduced deck height due to the
reverse framng and reduced criteria and the variant contained
t he nore volunetrically demanding conventi onal framng and
expanded clear deck height. Thus this producibility assessnent
Is between a volune reduction concept primarily for the purpose
of ship weight reduction versus a nore conventional shipbuilding
approach which woul d appear to be nore producible.

The steps in the producibility assessment nethodol ogy
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di scussed previously were followed. The results are summari zed

here with the nore conplete study available in Reference 1.

Step 1 - Characterize Concept. Using the Characterization
For m suggest ed, the information to characterize the deck hei ght
producibility concept was gathered and summarized (see Table 5).

The concept is described, a sketch provided (a picture is worth a
t housand words) and the approach to conduct the ship inpact
assessnment using ASSET is presented. The later step is inportant
in the wunderstanding and interpretation of the ship inpact
results as the Naval Architect nust use judgenent in modi fying
the baseline design. Wat is mssing in this characterization is
information on the affect on labor efficiency in installing
equi prent and distributed systens. This will be anplified in the

di scussion of Step 3.

Step 2 - Ship Inpact Assessnent. Before a ship i mpact
assessnment can be conduct ed, a baseline ship design nust be in
hand. In an acquisition project, the nost current ship baseline
serves as the basis for conparison. For this case study, a

basel i ne needed to be synthesized. The baseline design was based
on one developed as a ship design project at MT and is sinilar

to a baseline described by CGoddard in his thesis [Reference 10].

For this ASW frigate, the payload contained a Ilarge
conformal sonar array and a. towed array, vertical launch ASROC,
Har poon, Seasparrow, and three large Lanps 11l helicopters. The
hull formwas a Hull 23 variant, and the material for both hull
and superstructure is high tensile steel (HTS). The baseline

frigate has two gas turbine prime novers driving twn fixed pitch

- 426-



propel l ers through an electric, water cooled, AC AC transm ssion
The ship inpact assessnent was carried out using the ASSET

nodel and the results summarized in Table 6. The nor e

volunetrically demandi ng deck height concept caused a 3 percent

increase in total enclosed volune and increased displacenment by

about 2 percent. The maj or weight increases were in the area of
structures and distributed systens. Al nost 60 percent of the
wei ght increase was in the shell and supports (SWBS 110) and

deckhouse (SWBS 750).

Step 3- Cost Inpact. As is alnost always the case in ship
desi gn, cost data and cost analysis is difficult to devel op. A
set of CER s from ASSET and other cost nodels were utilized. In

this case study, no real analysis was conducted to validate the
nodi fications to certain of the CERs to refl ect this
produci bility concept of increasing the 'ship's volune.* The CERs
for labor (indicated as CERh in the form as opposed to CERm for
materi al costs) which should be inpacted by tightness are in the
fundanental areas of SWBS 110, 120, 130, 150 (structure), 320
(el ectrical power distribution), 500 (auxiliary) and 600
(outfit). In this <case study a slight reduction in the
structural CER for l|abor was utilized but no change in |abor cost
per ton in the area of distributed systens and outfit. The end
result (see Table 7) was a net increase in acquisition cost of 2
percent for the variant. This is sinply because the increase in
wei ght  caused by the increase in volune of the ship was greater
than the reduction. in labor rate that. might be expected when

wor kers have nmore room to install equipment.
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The Authors had no access to any shipyard data to indicate
how efficiency could be enhanced by enlarging t he ship
volunetrically. As is the <caseina real life acquisition
proj ect, the Cost Estimators are likely to retain conventiona
CERs unless there is overwhelmng evidence to convince them that
the CERs can be decreased. For this reason any producibility
concept which tends to increase ship weight ends up increasing a
cost estimte. This is why analysis of changes in CERs nust be a

part of every producibility characterization effort.

The issue of ship tightness is fundanental to nmany of the
produci bility concepts of the Ship Layout Category. The size and
characteristics of the design are affected; therefore, the issue
must be eval uated and assessed before the ship design is frozen.
Figure 3 displays what intuitively one expects. As tightness is

i ncreased, ship displacenent is decreased. Ship acquisition cost

will decrease proportional to weight until the ship becones so
tight as to cause difficulty installing equipnent, di stri buted
systens and outfitting. As the tightness is further increased

the acquisition cost can actually increase.

This particular case study was chosen to illustrate what is
often the situation. Producibility considerations are not
included in an early stage design because of a lack of cost data
to back up what intuitively one knows is right. No one really
has a feel for the shape of the cost versus tightness curve of

Figure 3. This is an area for fruitful investigation

Steps 4 and 5 - Effectiveness and Ri sk. In this case- study

performance was kept constant between the baseline and variant as
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part of the ship inpact assessnment. Thus there is no appreciable
difference in ship effectiveness.

In the area of risk there is also no appreciable difference,
Any concept which tightens up the design tends to increase rjsk
slightly. As is usually the case the degree of risk is in the

eye of the behol der.

Step 6. - Net Assessnent. The overall evaluation of this
particular producibility concept of increasing deck heights is
summarized in Table 8. The baseline concept of a slightly
smal l er deck height and therefore smaller ship is better in the
categories of ship weight, volune and acquisition cost. The nore
vol um nous baseline has advantages in operability (easier for
crew to operate and naintain a |ooser ship) and risk. Al other
categories are basically equal.

If this were a real acquisition program where cost is
constrai ned, the decision would be no doubt to stick wth the
baseline concept. In this case the |ower acquisition cost of the
baseline mght not be true due to the lack of realistic cost

esti mates. The cost. inpact of producibility concepts nust' be

researched thoroughly as part of the categorization effort.

SUMVARY AND RECOVMENDATI ONS

A nunber of conclusions and recommendati ons should be noted
fromthis study:

-Producibility is currently not a significant consideration

i n naval ship design.
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- In order to be ready for a nobilization effort, it is
recomended that several sinple, highly producible mobilizati
desi gns be produced through the detailed desi gn | evel .
Furthernore the nore promsing of these designs should be
selected and prototypes constructed to validate the design.
These low m x ships could serve in the reserve fleet, be used for
training and for testing.

- To increase the awareness of producibility as an inportant
design elenent for the Navy's ongoing ship design and acquisition
programs, a rigorous assessment nethodology needs to be
devel oped. Such a nethodol ogy consisting of six steps has been
pr oposed. A Ship Producibility Handbook should be prepared
describing this assessnent nethodology and nade available to ship
desi gn teans. An inportant part of this handbook would be a file
of characterizations of known producibility concepts. The nost

inmportant part of these characterizations is a fundamental cost

on

anal ysis of each concept indicating how cost estimating

rel ationships used in cost nodels should be nodified to reflect

t he concept.
- A Producibility Advocate will be required to ensure that
producibility is a significant consideration in naval ship design

and acquisition. No such position exists today. Wthout such a

strong visible Advocate little will be acconplished in this area.
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TABLE 1
PRODUCIBILITY CHARACTERIZATION

Producibility Concept Definition Ship: Item: ___

Concept: Refi___

Description and direct {first order) changes. Includa weight,voluse,cost,geoaetry,poxer,aanning.

Tradeoffs between baseline and concept variant., Where will the concept gain and lose?

b %
a a
= r
e i
1 a
i n
n t
e

Translation to Assessment Tool

Record of ASSET Changes . . . ites baseline varjant

{1)
2)
(3
4)
(3)
(&)
(7)
(8)
(?)

(10)

Rebalancing Comments:

o
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TABLE 2
PRODUCIBILITY SHIP [IMPACT

Ship Characteristics Iapact Ships ______ . Itesd ___
Concept:
paraseter abbrevidis) baseline variant delta percent
Length at waterline LiL  {feel)
Length between perpendiculars LBP (feet)
Beas at waterline B {faet)
Depth aridships D {feat)
Draft T  {feet)
Displacenent, full load Afl (D
Voluse of hull Vh k£t
Voluse of deckhouse T dhik £t3)
Total Voluse Vit k)
Stability measue EX/B ()
‘Total electical load X¥ tot (KiD)
Mzin contin. power available IP  (hp}
Manning X (aen)
Kaxizuz sustained speed Vs {kts)
Endurance speed Ve  {kts)
Range R {na}
Payload K payld(LT)
Margins .. .
SWES 6roup
100 Hull Structure | 3! {Ln
200 Propulsion Plent X2 {Ln
300 Electrical Plant ¥3 (LT}
400 Coasand and Surveillence ¥4 (LT}
500 Auxiliary Systzas ¥5 (L1
600 Outfit and Furnishings Wb {Ln
700 Arzzezent W7 {an i
¥eight of D¢B zargin N {Ln ’
LIGHTSHIP WEIBHT ) ¥ lishp(lT)
Fuel & Lubricant weight L] ian
Brdnance Load weight L) (LT}
Other Load weight ¥o tn
FULL LOAD KEIGHT ¥ 4§ AN 7

Weight of prigzary Z-digit SKES . . .
nage - subgroup

-

- e

noteiskzll zaparent susaation errors are due to display roundoff.

- ~

-
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TABLE 3

* PRODUCIBILITY COST IMPACT

Ship Cost Impact (FYE5 ) Ship: __ Tteal __
Concept:
--—- Baszline =---—- -——-- Variant ——— Baseline Variant k¢
S¥BS Mo, Description Weight CERa  CERh Weight  CERe  CERh Cost,ks$ Cost,k$ delta percent
11712713 Hullatl A
11712713 HullMatl B
15 DkhsNatl A
15 DkhsNatl B
162 Stacks
i Masts
134 Rest,brp 1
23 (hpl Propul Units
244 Reduc Bear
283 Shafting
224 Bearings
245 Propellers
25 Support Sys
W Sup Sys-Fg,LD
i Kest,Brp 2
3t (hp) ElecPowerben
32 Poxer Distrib
X Rest,brp 3
i Cosaand
3 furiliary
& Butfit ¥ furn
7 " Arazeent
D&B Margin
LIGHT SHIP na na na na
Engineering ditto ditte
9 fsseably ditto ditto
ACQ.CONSTRUCTION COST na na n2 na na na

Weights for alternate costing SKBS No.
5¥B5S Mo, Description Baseline Variant

23 Propul Units
3 ElecPoxerben

SWBS Xo. Descriptien Baseline Variant 1
===’ plus outfitting

11712/13 Hull Matls
15 Dkhs Natl$

notes: acquizition costs are for
tollox ship.0+5 and LEC are
for 30 ships w/ 30 year life.

ACQ.COXSTRUCTION COST
plus profit 1:

ACQ.CONSTRUCTIOX PRICE
plus change orders
plus NAVSER support
plus post delivery

ples H/M/E + groxth
plus payload cost

UXIT SAILANRY ACE COST {k$)
OPER+SUPPORT SYSTEN COST ($K)
AVE LIFE CYCLE COST/ship ($¥) -
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TABLE 4
PRODUCIBILITY NET ASSESSMENT

Summary Ship: Item: _
Concept:
baseline variant
better better
Impact Comments ¢ equal >
Weight H H i H !
Volume ! H H H 1

Stability

Elec Power

A
fianning

Combat Svstem

Effectiveness

Mobilitv

Survivability

Operability

= de @ e
D Wl i}

s

u

I\ e -
o U
Cost

rt

Operating and

-

Support Costs

tife Cvcle

Costs

Risk

Other:

o

-

-

-

-

-

-

-

-

-

-

-
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TABLE 5
PRODUCIBILITY CHARACTERIZATION

Producibility Concept Definition Ship: BGASWFF Item:_1

Concept: Deckheight reduction w reverse framng Ref:116
Description and direct (first order) changew!ude weight,volune, cost,georetry, power,ianning.
By wusing submarine headroom standards (75") and reverse
framng (transverse stiffener5 and longitudinal stiffeners
on oppositesides of the structural deck they stiffen) deck-
height in «critical false decked electronic5 spaces can be
reduced from 9'0" to 8'6".System envelope5 (wreways, HVGO
remain constant at 6" deep each, weight stays the sane, the
material cost is constant,labor cost5 of the reduced deck-
hei ght version is 5% higher(cutoutsin main beam for stif-
feners in vari ant approxequal to cutout for wireway for the

basel i ne. manni ng or ~ pover changes. --------e--moa-o-
Tradeoffs betnoen baseline and concept variant. Were will the concept gain and |ose?

The reduced deckheight wll reduce overall ship volune, and
the snaller ship should cost |essHowever, the slightly in-
creased labor cost5 of the 9 wvariant will offset this sone.
Headroom suffers only in elex spaces(77"->75").---------.
sirocturol decka sttvcheedd deck
tf "\ )f\.l: jr_":_ \E: //// /// *“de:hs'h(cnu 12"
(=) —
s deck shfeners % gv | . e cinbeom/ s /
e 876" between i i 270" between U-NRCJ 1“"
1 deck height 75° a deck height
i heodrsom | T 'm cochce more o
bmorwme P 0 T1
r Suh;\dr;:u\&, t c.cJ\ 80" then heodfoom
€ speaficohon e 8’ ﬂ sum 5\“
false deck\ R f’
i// % = sl 7 1 s false deck $?e’.°.":.‘fl°“
; / yd » / /%m b —:-—————- = 1—'6- Ilz"
sirvctorsl deck X -wictwey Hawogh sirochscal deck ey 2] 18
Translation to Assessment Tool
Record of ASSET Changes . . . itex basalina variant
(1)Hull Deck Location Array 29.5,21,12.5,4 29,20,11,2 *
(2)Deckhouse Height Arrav 8.5,17.,8.5,8.5 2,18,9,%9
(3)Deckhouse Average Deck Ht . 8.5 .0
(4)Hull Matl A CER for manhrs 4.6 4.532 =
(S5)Deckhs Matl A CER for manhrs . 7.4 7.22 ¥¥¥
(&) _
{(7)
(8)
()
(10

Rebal ancing Comments: *After intial balance,adjust up for

increased hull size. ** Deck 56% of Hull Matl A ***Deck 50%
of total deckhouse. (sanple: .36 x.05 = 018; [/1.018 = 0982
CERMt = 4.6 x .982 = CERw = 4.52) baseline=RUBBER BL. BAL
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TABLE 6

PRODUCIBILITY SHIP INPACT

Ship Characteristics Iapact

Ship: BGASHFF

Iten: o

Concept: Deckheight Reduction w/ reverse fraeing; Laseline=8’4", varianc=9’0"

paraneter abbrevidis) baseline variant delta percent
Length at waterline LWL (fest) 427 430 2.80 b6
Length between perpendiculars LBP (feet) 427 430 2.80 .66
Bear at waterline B {teet) 50 5 .33 Ny
Depth anidships D {iest) 38 3 .25 45
Draft T {feel) -18.83 18.5¢ A3 .89
Displaceaent, full load Afl wn 5558 5649  110.20 1.98
Volume of hull Vh tk §t}) S58 589 11.0% .98
Volure of deckhouse V dhik #t3) 108 e 7.92  7.30
Total Voluae Vi ik #3 687 &85  18.98  2.85
Stability aeasue /B {-) L1027 ,0989 D0 =370
Total electical load K¥ tot (¥¥) 4105 4133 28.10 .48
iin contin. power availsble IP {hp} 52209 52514 305.00 .58
Kinning K (aen} 301 30t .00 .00
Naxizus sustained speed Vs {kts) 27.95  27.95 .00 .00
Endurance speed Ve  (kts)  20.00  20.00 .00 .00
Range R {ne) 4300 1500 .00 .00
Payload ¥ payldilD) 970 970 .00 .00
Margins e .00
SKES 6roup T
100 Hull Structure i i 1305 1370 83.30 §.00
200 Propulsion Plant ¥2 {tn 429 434 4.70 1.10
300 Electrical Plant ¥3 un 252 254 £.10 1.83
400 Cozzand and Surveillence B4 (n £30 &5 1,20 .18
500 Auxiliary Systeas ¥ i $40 850 10,80 1.69
560 Dutfit and Furnishings Wb {n 397 403 £.50° .84
700 Arsaszent L 1) {Ln 130 130 .00 .00
Keight of D+B xargin L H] (LT} 173 487 11.40 2.43
LIGHTSHIP NEIGHT ¥ ltshpllT) 4278 4322 184.20 Z. 44
Fuel & Lubricant weight ¥f iLT 1010 1018 3.%0 .38
Drdnance Load weight B T {Ln 144 144 .10 .07
Dther Load weight ¥o {Ln 127 127 .08 .00
FULL LDAD XEIBHT il Un 5558 S6e8  110.20 1.98
Reight of primary 2-digit SKBS . . .
nare .=~ subgroup
Shell and supports 110 389 54,20 13.93
beckhouse structure 150 RE:] 177 510 9.55

noteszaall apparent susaation errors are due to display roundoff.
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TABLE 7

PRODUCIBILITY COST IMPACT
Sh|p Cost Inpact (FY85 $) Shlp BGASYFF Item: 1
Concept: Deckheight reduction M/ reverse framing; baseline=8'6', variant-9'0’
---—— Baseling ~—== === Variant ——— Baseline Variant ks
SKBS Mo. Description  Weight  CERs  CERh  Weight  CERs  CERh Cost,k$ Cost,ks delta percent
11712713 HullNatl A 875.9 3.8 4.6 920.9 3.6 4,52 7182 7478 293.328 1,11
11/12/13 Hull¥atl B 0 0 0 0 0 0 0 0 0 .00
15 DkhsNatl A 138.3 5.5 7.4 1731 5.5 1.2 2042 2202 159.782 1.82
15 DkhsNatl B 0 0 0 0 0 0 0 0 0 00
182 Stacks 31 3.5 7.4 32.8 S.5 1.4 400 423 23.22 5.81
m Nasts 10.7 5.5 7.4 11.3 3.5 1.4 138 146 1.7% 5.81
1X Rest,Brp 1 228.8 2.9 4.3 239 2.9 4.3 1647 1670 22.32 1.35
23 (thp) Propul Units 52209 .41 15 32512 .41 A5 29237 29407 149.48 .38
241 Reduc Gear 0 b 4 0 b 0 0 0 .00
243 Shafting 78.7 31 4 n.7 31 4 2755 27%0 33 1.27
244 Bearings 14,8 32 4.3 14.8 32 4.5 333 340 1.3 1.37
245 Propellers 31.8 2 4 3.3 2 | 191 191 .6 .31
23 Support Sys 85.2 50 10 67.2 50 10 3912 4032 120 3.07
26 Sup Sys-FO,L0  24.7 35 9 24,8 35 9 1087 1094 4.4 .40
2X Rest,brp 2 10.7 3 5 10.7 30 5 375 375 0 .00
3t (hp) ElecPowerben 4105 .88 .83 4133 .86 .43 bLis 6158 41,72 .88
32 Power Distrib  92.8 20 40 95.3 20 40 5568 5718 150 2.8%
3 Rest,brp 3 83.2 20 30 84.2 20 40 3792 3832 80 1.38
% Coraand 850.2  15.6 23 &5l.4 156 23 25098 25144 45,32 .18
3 fuxiliary 839.6 28.3 18.3  &50.4 28,5 19.3 30573 31089 51824 1.6%
b Dutfit & furn  396.9  12.3  24.2 4034 12,3 24,2 1487 4724 251,25 1.4
7 Arsazent 130 3.6 7 130 3.8 7 1378 1378 9 .00
DB Margin 473.3  3a.9 0 4859 33.9 0 {7083 17380 418.44 2.4
LIGHT SHIP 4277.7 na na 438L.9 na na 153573 153887 2313.32 1,54
8 Enginesring ditto 0 4,82  ditto 0 &6.62 28318 29008
9 Asseably ditta ¢ 9.02 ditte 9 9.02 3IWSBS 39325
ACQ.COXSTRUCTION €OST na na na na n3 na 220477 224420 IM3 .79
Weights for alternate costing SWES Xo. ACB.CONSTRUCTIOK COST 20477 228820 3943 .79
S¥BS No. Description Baseline Variant plus profit 1: 8 17638 1794 313
23 Propul Units  203.3 204.6 ACQ.COXSTRUCTION PRICE 238115 282373 4238 .79
31 ElecPoxergen 95 98,6 plus change orders 19049 19390 341
plus KAVSER support 3953 5059 106
S¥ES No. Description Baseline Variant I plus post delivery 11905 12119 213
==ER= z===z Ez= plus outfitting 9523 9495 170
11712713 Hull Matl$s  3153.24 3315.24 5. 14 plus H/M/E + growth 2381y 23237 424
135 Dkhs Matls 870.465 952.05 9.35 plus payload cost 276200 275200 0
notes? acquisition costs are for UNIT SAILAWAY ACR COST (k$) 384359 590073 §515 .94
follow ship.0+S and LCC are DPER+SUPPORT SYSTEN. COST (sX) 31221 31289 48 .22
for 30 ships w/ 30 year life.  AVE LIFE CYCLE COST/ship ($X) - . 170 71 - 5. .29
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TABLE 8
PRODUCIBILITY NET ASSESSMENT

Summary Ship: EGASWFF-- Item:1

Concept:_Deckheight_reduction w/ reverse framing

baseline variant
better better
Impact Commentes (- equil ===}
Weight variant_weighs_more i T X 1 H | !
i H
i !
Volume variant:vol deficient + X i i i i :
________ — } i
. ! !
Stability . i ' 1 X H H
1] 1]
H i
Elec Fower ! ! X ! H
1 1
Manning ! H HEED S : i
H ;
Combat Svstem _ : : HEED G : '
Effectiveness _ - § :
Mobilitw _ H : P X i : :
- i !
H d
Survivability : i X ? :
i }
i :
Operability lgwer overhd_in_EL i : } X L
could limit rigging_access : :
Acouicsition due reduced size_of : X } H d
Cost the_baseline : !
1 ]
] )
Operating and’  baseline better.but __ 1 H VX H i
Support Costs not_sgtatis. significant 1 :
1 ]
Life Cycle BL_better.but_not t H HIEED S i H
Costs statistically siagnif. : H
1] ]
Righ both-are_low risk. i i X : i
variamt is _standard_practice } |
Other:EBL_concept:_soms_oguestion ra: : i X i :

trancition from false deck to_non—false—deck.However,
difference in height is only 3" more than the variant.
Bottom Line:The baseline. with 81&" deckht. is almest 27
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